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EFFECT OF ORIFICE LENGTH-DIAMETER RATIO ON FUEL SPRAYS FOR 

COMPRESSION-IGNITION ENGINES 

By A. G. Gblalles 



SUMMARY 

Experimental results on the effect of the length-diam- 
eter ratio of the orifice on the spray characteristics, 
together with a brief analysis of the factors affecting these 
characteristics, are presented in this report. The length- 
diameter ratios tested ranged from 0.6 to 10; the orifice 
diameters from 0.008 to O.OJfi inch; and the injection 
pressures from 2,000 to 8,000 pounds per square inch. 
The density of the air into which the fuel was discharged 
was varied from 0.S8 to 1.S5 pounds per cubic foot. 

When a plain stem was used in the injection valve and 
the length-diameter ratio of the orifice was increased 
from 0.5 to 10, the rate of spray-tip penetration at first 
decreased and reached a minimum between the ratios of 
1 .5 and 2.5; then reached a maximum between the ratios 
of 4 and 6; and decreased again as the ratio was increased 
to 10. The exact position of the maximum and minimum 
points depended upon the orifice diameter. The spray 
cone angle was affected very little by the variation of either 
the diameter of the orifice or the length-diameter ratio 
tested at ratios greater than 4- 

With a helically grooved stem in the injection valve 
the ratios at which the highest penetration occurred varied 
between 6 and 7. The spray cone angle increased with 
the ratio of the orifice area to groove area. 

INTRODUCTION 

One of the methods by which a designer of high- 
speed compression-ignition engines can control the 
penetration and cone angle of the fuel spray in the 
combustion chamber is to vary the geometrical shape 
of the discharge nozzle. A considerable amount of 
work has been done to determine the difference in the 
kind of sprays from differently designed discharge 
nozzles. Little consideration has been given, how- 
ever, to the effect on spray characteristics of the varia- 
tion of the orifice length in relation to its diameter. 
The usual practice is to use a length of orifice two or 
three times the diameter. 

The results of a preliminary investigation at this 
laboratory on the effect of orifice length-diameter ratio 
on penetration, spray cone angle, and coefficient of 
discharge with a 0.014 and a 0.040 inch diameter orifice 
with ratios from 0.5 to 4 have already been published. 



(Eeferences 1 and 2.) This work demonstrated that 
when a plain stem was used in the injection valve an 
increase in the ratio caused the spray-tip penetration 
first to decrease, reaching & minimum between the 
ratios 1.5 and 2.5, and then to increase with the trend 
of the curves, indicating a maximum at a ratio greater 
than 3.5. The exact ratio at which a maximum was 
reached could not be definitely determined because the 
range of ratios tested was too small. The results of 
these tests pointed to the need for extending the inves- 
tigation to include a greater range of orifice length- 
diameter ratios. The work was therefore continued 
with two other nozzles having single orifices of 0.008 
and 0.020 inch diameter and ratios from 0.5 to 10. 
Tests were also made with a 0.030-inch orifice having 
ratios from 0.5 to 4. The tests were conducted at the 
Langley Memorial Aeronautical Laboratory at Lang- 
ley Field, Va. 

METHODS AND APPARATUS 

The general method employed in this investigation 
was to take high-speed motion pictures of individual 
fuel sprays discharged from the nozzle into air at vari- 
ous densities and at room temperature. The pictures 
were taken with the N. A. C. A. spray-photography 
equipment described in reference 3. 

A plain injection-valve stem and one with four 
grooves, having a helix angle of 30°, were, tested in 
conjunction with the nozzles. A cross section of the 
assembled valve showing the two stems and the shape 
of the nozzle is shown in Figure 1 . In the table accom- 
panying the figure the size of orifice for each nozzle 
and the length-diameter ratios are given. The com- 
bined area of the grooves in the helically grooved stem 
was equivalent to a 0.022-inch diameter orifice, which 
made the ratio of orifice area to groove area 0.2, 0.4, 
0.9, 1.9, and 3.3 for the orifices having the following 
respective diameters: 0.008, 0.014, 0.020, 0.030, and 
0.040 inch. , ' 

The injection pressures were varied from 2,000 to 
8,000 pounds per square inch. The chamber air den- 
sities in the tests with the 0.014 and 0.040 inch orifices 
were varied from 0.38 to 1.35 pounds per cubic foot, 
corresponding to chamber pressures of 60 to 250 
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pounds per square inch, at room temperature. The 
air density in the tests with the 0.008, 0.020, and 0.030 
inch diameter orifices was 0.99 pound per cubic foot, 
corresponding to a chamber pressure of 180 pounds 
per square inch at room temperature. A high grade 

Enlarged view of the valve 
assembly with helically- 
d stem lifted 



Orifice length 
" diameter 



Orifice 
dio. 


l/d ratios 


0.008 
O.OI4 

0.020 

0.030 
O.Q40 


0.5, 1, 2, 3, 4, 6, 8, 10 
0-5, /, 2, 3, 4 
05, 1,2, 3,4,6,8,10 
as. 1,2, 3,4 
0^,1,2.3,4 



Fiouee 1.— Injection valve assemblies. Orifice sixes and ratios tested 

of Diesel fuel with a specific gravity of 0.86 and a vis- 
cosity of 0.048 poise (45 Saybolt seconds Universal) 
at 80° F. was used. 




they were obtained by extrapolating the curve. 
Under the conditions of these tests the spray-pene- 
tration curves at 5 inches were so nearly straight that 
the extrapolation was permissible without introducing 
an appreciable error. 

FACTORS AFFECTING SPRAY CHARACTERISTICS 

The most important characteristics of a fuel spray 
from the standpoint of efficient combustion for high- 
speed compression-ignition engines are penetration, 
atomization, dispersion, and distribution. Precise 
definitions of these terms as applied to fuel sprays 
have been given by De Juhasz. (Preference 4.) The 
factors affecting these spray characteristics for any 
one combustion-chamber shape are : 

1. The injection-valve design. 

2. The injection pressure. 

3. The physical properties of the fuel oil. 

4. The physical properties of the gases in the com- 

bustion ohamber. " 

5. Air flow in the combustion chamber. 

The function of the injection valve is to so utilize 
all the energy supplied by the fuel pump as to obtain 
the proper distribution of the fuel in the combustion 
chamber and thus promote an efficient combustion. 
If the injection valve is of the closed type, a spring- 
loaded stem is usually employed which is lifted to 
permit the fuel flow through the nozzle when the 
pressure of the fuel is raised to a predetermined value. 
For a given combustion-chamber shape and a pressure- 
time relation in the fuel line immediately beforo the 
discharge nozzle, the design of the injection valve may 
be varied so as to control to some extent the penetra- 
tion, atomization, dispersion, and distribution of the 
fuel spray. 

For a fixed orifice area, engine speed, and geomet- 
rical shape of the nozzle the fuel pressure-time rola- 




FiaDBE 2.— Spray photographs with lines drawn to show spray-Hp penetration and spray cone angle. Orifice length-O.OW Inch; orifice dlameter-0.014 lnoh; 
Injection pressure-2,000 pounds per square Inch; chamber air denslty-L35 pounds per cubic foot. Plain stem 



A record of the development of a single fuel spray 
is shown in Figure 2. The lines drawn on the photo- 
graph show how the spray penetration and spray 
cone angles were measured. The maximum penetra- 
tion that the apparatus could record was slightly over 
5 inches. "Where greater penetrations are shown, 



tion behind the nozzle depends largely upon the pump 
design, the elasticity of the fuel, and the length, diam- 
eter, and wall thickness of the tube connecting the 
pump with the injection valve. Other conditions 
being the same, the intensity of the pressure impulses 
propagated to the injection valve may be varied 



EFFECT OF ORIFICE LENGTH-DIAMETER RATIO ON FUEL SPRATS FOR COMPRESSION-IGNITION ENGINES 81 



within wide limits by changing the design of the cam 
actuating the pump plunger. This effect is shown in 
the comprehensive treatises on this phase of the sub- 
ject by Sass and by Rothrock. (References 5 and 6, 
respectively.) 

The characteristics of the spray are influenced by 
the density, the viscosity, and the surface tension of 
the fuel, and by the density and the viscosity of the 
chamber gases. These three properties of the fuel are 
affected by variation of conditions in the combustion 
chamber; density and viscosity increase with pressure, 
and all three decrease with an increase in temperature. 
The density and the viscosity of the chamber gases 
have an effect on the penetration and atomization of 
the .fuel sprays. The density of the gases increases 
with pressure and decreases with temperature, and 
the viscosity increases with both pressure and tem- 
perature. 

Greater spray distribution may be obtained by 
increasing the air flow in the combustion chamber. 
In engines using directed air flow the practice is to 
design the cylinder head so as to increase the air 
velocities and direct the air flow past the fuel spray 
either tangentially or counter to the spray. The 
latter direction has been found to have greater effect 
on spray distribution. 

Penetration. — A fuel spray to penetrate at a fast 
rate must possess, primarily, a high initial velocity 
along its axis and a small spray cone angle. For the 
same pressure-time variation in the injection system 
the nozzle-design features with which high initial 
velocity pf spray can be obtained were found to be: 
(a) Smooth passages before the orifice, and (6) suffi- 
cient orifice length in proportion to its diameter to 
direct the spray along its axis. According to hydro- 
dynamic laws, in passing from the large sectional area 
before the nozzle to the usually much smaller area of 
the orifice the jet assumes a spiral motion and a ten- 
dency to first contract and then reexpand. In this 
event there are forces initiated normal to the jet 
axis, and consequently velocity components normal 
to the orifice axis. The greater the spiral motion 
given to the jet prior to its issue in the combustion 
chamber the larger the cone angle of the spray pro- 
duced, and consequently the greater the retardation. 
Therefore high penetration is obtained from a nozzle 
the geometrical shape of which produces a jet flow 
having the least contraction and the minimum amount 
of spiral motion. Previous experiments with larger 
nozzles have shown that the nearer the fluid passage 
before the orifice is made to approach the shape given 
to a Venturi nozzle the nearer these conditions of 
flow are approached. In a recent investigation at 
this laboratory by the author (reference 2) this rela- 
tion was also found to be true for the range of orifice 
sizes employed with the high-speed compression- 



ignition engines. With sufficient orifice length to 
insure a coefficient of contraction equal to unity the 
Venturi type of nozzle gave the highest coefficient 
of discharge, and consequently the highest- initial 
velocity. 

As shown by Kuehn (reference 7) and Triebnigg 
(reference 8), under the injection pressures and the 
conditions that exist in the combustion chamber of 
compression-ignition engines the jet bursts into a 
spray of small droplets immediately after its issue 
from the orifice. According to a theoretically derived 
equation by Triebnigg, the distance at which this 
dissolution of the jet takes place is of the order of 
0.001 inch from the outside opening of the orifice for 
an injection pressure of 4,000 pounds per square inch 
and a chamber density of 1 pound per cubic foot. 
Spray photographs obtained at this laboratory and 
other data obtained elsewhere tend to confirm these 
computations. 

With a given initial velocity the penetration of the 
spray in the combustion chamber depends upon the 
mean diameter of the fuel drops of which the spray 
is composed, the physical properties of both fuel and 
air, and the motion of the chamber air relative to the 
spray. At very high spray velocities the influence 
of the air flow on the spray is small until after the fuel 
drops have lost the greater part of their initial 
velocity. The laws governing the motion of the in- 
dividual fuel drops subsequent to the jet dissolution 
are therefore those of individual spheres moving in a 
viscous medium. Mathematical treatment of the 
motion of spheres in a viscous medium is given in 
most textbooks on the subject of fluids. Experimen- 
tal or theoretical determination of the constants 
involved for the conditions of spray injection in 
combustion chambers in which a large number of 
fuel drops of different sizes are traveling in close 
proximity is not easy. Nevertheless, by studying 
such relations the degree to which the various factors 
affect the spray motion can be analyzed and better 
understood. 

The resistance B that a spherical body encounters 
in its motion through a viscous fluid depends on its 
diameter d, its velocity V, the density p of the medium, 
and the viscosity p of the medium. Expressed in the 
form of an equation (reference 9): 

R=Kd x P >»'V a (1) 

where K is a constant, the value of which is deter- 
mined by experiment for any particular set of condi- 
tions, and x, y, z, and w are exponents, the value of 
which depends on the experimental conditions. 

Dimensional considerations require the dimensions 
of each side of this equation to be the same. There- 
fore by equating exponents of mass M, length L, and 
time T, and since 
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So that 



[R] = [MLT- 2 ], [d\ = [L], [p] = [ML" 3 ], 

[ M ] = [ML- 1 2 1 - 1 ], and [V^IXI^ 1 ] 
MLT- 2 =L x M'L- 3v M'L- I T- I L"T- u 
x—3y—z+ w=l 
y+z =1 
—z—w= —2 
X"W, y=w—l, and 3=2— w 

B^ztf" p"- 1 p 2 -" 5 y»=s: (^y)" j (2) 

Experiments have shown that the value of the ex- 
ponent w varies from 1 to 2, depending on the value of 

the Reynolds Number of the motion. At low 

Reynolds Numbers the value of the exponent w was 
found to be equal to 1, and therefore 

R=Kp.Vd (3) 

In equation (3) the resistance varies as the first 
power of the velocity, the diameter, and the viscosity 
of the medium and is independent of the density of the 
medium. Stokes found the value of K to be equal to 
3?r for spherical bodies. As the velocity of the moving 
body is increased, however, the value of w is increased, 
and for a short range of Reynolds Number the value of 
w varies between 1 and a value slightly greater than 2. 
In that event both the viscosity and the density of the 
medium influence the resistance. Finally, as the veloc- 
ity is increased, a Reynolds Number is reached beyond 
which the value of w is .equal to 2, or 



(4) 



The resistance then varies as the square of the 
velocity and is independent of the viscosity of the me- 



dium. 



The value of ST is equal.to where f is some 



function of the Reynolds Number of the motion. 

At the initial fuel-drop velocities and the injection 
pressures under which the fuel is injected in the com- 
bustion chamber of a compression-ignition engine, the 
motion of the fuel drops for a short time immediately 
after their formation must follow the velocity square 
law. As their progress is retarded, however, the 
motion changes to the intermediate law, and finally, 
if not already ignited, may follow the first power, or 
Stokes's law. Experiments in this laboratory (refer- 
ence 10)" and by Bird with sprays in hot, compressed 
air (reference 11) tend to indicate that the value of 
the exponent w of equation (2) must vary between 1.5 
and 2 for the greater part of the penetration of the 
fuel drops prior to the approach of their relative 
velocity to the value of zero. 

While the velocity of the fuel spray is diminishing," 
the kinetic energy of the fuel drops composing it is 
partially transmitted to the surrounding air, giving 
the air an accelerated whirling motion in the direction 
of the spray motion. Thus after the fuel drops are 
brought to a standstill with respect to the moving air 
the work of distribution is continued by the whirling 



air, which may carry the fuel droplets to the farthest 
recesses of the combustion chamber. Where some 
degree of orderly air flow exists in the combustion 
chamber, the fuel drops are carried in the direction 
of the air motion upon losing the greater part of their 
initial velocity. 

The rapidity with which the individual fuel drops 
are brought to a standstill may be better understood 
if the equations giving their motion are examined. 
For the purpose of a more simplified explanation it 
will be assumed that the resistance to the fuel drop- 
lets follows the velocity square law (u;=2) during the 
greater part of their penetration. Somewhat different 
relations are obtained if the assumption is made that 
it follows a law varying as some power other than 2. 
The difference, however, is only in the degree in which 
the various factors of equation (2) affect retardation, 
the effect being always in the same direction. For 
2>w>l (which is the range of fuel spray injection), 
with the departure of w from 2 and approach to 1, the 
effect of the density decreases and the effect of the 

viscosity increases on account of the term — • 

The deceleration force on a spherical drop from the 
fundamental equation /= moc is 



3 6~ If" 



(5) 



The resisting force in the medium must equal this 
decelerating force of the drop, or 

*f Po^= -!£+Vp.- -KVd? Pa (6) 

where p 0 and p a are the respective densities of oil and 
air. 

Integrating twice between the appropriate limits, 
the distance S the drop traversed is 

5-^ log. (PVjt + 1) (7) 
or S=^log, (^) (7a) 



where 



n 3 , P" 1 



V 0 is initial velocity of the drops, and V is the 
velocity of the drops at any time. 
Solving for V in equation (7a), 



(8) 



This relation is readily recognizable as that of a re- 
tarded motion. The equation shows that a drop of a 
smaller diameter will be more rapidly retarded than a 
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drop of a larger diameter of the same initial velocity. 
As the greatest part of the penetration of the fuel spray 
is obtained when in equation (2) w = 2, w<2, and w^>l, 
equations (7) and (8) (and similarly derived equations 
with 2>-u/>l) explain why it is possible to find only a 
small difference in the ultimate penetration between 
sprays from the same nozzle, but with different injec- 
tion pressures. This condition was found to be true 
by Biehm (reference 12) for injection pressures of 1,600 
pounds per square inch and lower. Spray photographs 
taken at this laboratory (reference 10) have shown the 
spray with the higher injection pressure to penetrate at 
first faster than a spray with a lower injection pressure, 
but the retardation of the first spray was greater than 
that of the second. A few thousandths of a second 
after the start of injection the spray-tip velocity was 
the same for injection pressure from 2,000 to 8,000 
pounds per square inch. From the investigations of 
Sass and Kuehn it is known that the average diameter 
of the fuel drops diminishes with the increase of the in- 
jection pressure. It follows, then, that sprays with a 
higher injection pressure composed, on the average, of 
smaller-size drops travel faster at first than sprays with 
a lower injection pressure and larger-size drops. But 
the larger drops do not lose their velocity so rapidly and 
soon overtake the smaller. To assume, however, that 
the maximum penetration is independent of the injec- 
tion pressure for widely divergent conditions is incon- 
sistent with equation (8). 

Equations (7) and (8), combined with the foregoing 
explanations, indicate also how the spray character- 
istics may vary with the time at which the spray is 
injected. Sprays injected at or near the end of the 
compression stroke when the density in the chamber is 
highest penetrate less, but atomize better than sprays 
injected in the earlier part of the compression stroke. 

Atomization. — The term "atomization" is used to 
denote the size of the drops into which the jet breaks 
immediately upon its entrance into the combustion 
chamber. For any fuel oil and for any orifice size 
atomization depends almost entirely on the jet energy 
and on the conditions of the surrounding medium at 
the instant the jet dissolution takes place. From the 
theoretical work of Triebnigg and the experimental 
investigations of Kuehn, Sass, and this laboratory the 
magnitude of the fuel drops is known to be: 

1. Proportional to — 

(a) The surface tension of the fuel oil. 
(6) The density of the fuel oil. 
(c) The diameter of the orifice. 

2. Inversely proportional to the excess pressure 

of the fuel oil over the combustion-chamber 
pressure. 

As the relative velocity of the fuel drops with respect 
to the air is rapidly reduced and as their high surface 
tension causes a resistance to a change in form, a 
further breaking up of the particles after the initial 
dissolution of the spray can not be expected. 



Dispersion. — Spray dispersion is defined as the ratio 
of spray volume to oil volume discharged. The single 
factor by which dispersion may be influenced most is 
the discharge-nozzle design and the injection valve as 
a whole. Slightly better dispersion may also be ob- 
tained in air at high density when fuel of a low density 
is used. The usual nozzle designs employed to obtain 
good dispersion are the annular-orifice type, the slit 
orifice, the impinging jets, the hp nozzle, and the 
type employing helical grooves before the orifice. 
Along with good dispersion better atomization may 
also be obtained when the opening of the annular or 
slit orifices is made small, which is analogous to using 
small round orifices to obtain better atomization. The 
amount of dispersion may also be controlled within 
wide limits by varying the angle of the helical grooves. 

A gain in the spray dispersion by varying the nozzle 
design, however, is always obtained at a loss in pene- 
tration. With sprays of large cross section the re- 
tardation in the combustion chamber was shown in a 
previous report of the committee (reference 13) to be 
greater than with sprays of a small cross section. 
With the hehcally-grooved-stem type of valve, espec- 
ially, the normal-to-the-axis velocity is larger than 
that with a valve having a plain stem under the same 
conditions. 

Distribution. — Distribution is defined as the ratio 
of air to fuel mixture throughout the chamber. It 
follows from this definition, therefore, that the pene- 
tration and dispersion of the fuel spray partially con- 
trol the distribution of the fuel. The usual methods 
to obtain a good distribution are: (1) To produce a 
spray having the shape of the combustion chamber 
and with sufficient penetration to reach the farthest 
recesses of the chamber, (2) to produce sufficient 
orderly air flow to mix the fuel completely with the 
air, and (3) a combination of methods (1) and (2). 
The first method is used where there is not sufficient 
air movement in the combustion chamber to mix the 
air with the fuel satisfactorily. The multiorifice 
nozzle was found to fulfill the requirements of the 
first method (reference 14); for, in addition to the 
freedom it offers in the proper apportioning of the 
spray, it yields a good penetration and a better atomi- 
zation than a spray from a single large orifice of the 
same capacity. The sizes of the orifices for a multi- 
orifice nozzle are necessarily much smaller than for a 
single orifice giving the same rate of discharge. The 
sprays from the smaller orifices do not penetrate so 
rapidly as sprays from larger orifices. As shown by 
the experimental results of these tests, however, the 
difference in the rate of penetration between sprays 
from orifices larger than about 0.015 inch in diameter 
is small. Thus, although there is a small decrease 
in penetration when a nozzle with a single large orifice 
is replaced by a nozzle with several orifices of smaller 
size, there is a large gain in distribution, and according 
to Sass (reference 5) some increase in atomization. 
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Good results were also obtained when methods (2) 
and (3) were used to obtain good spray distribution. 
(References 15 and 16.) Regarding the use of orderly 
air flow, care must be exercised to obtain the proper 
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Fioote 3. — Spray-Up penetration at varying length-diameter ratio and 
different sizes of discharge orifice. Penetration 0.001 second alter start or 
injection. Plain stem. Chamber air density-OSM pounds per cubic foot 

amount of air flow conducive to good combustion. 
Both Ricardo and Hesselman found that combustion 
efficiency was increased by increasing the velocity of 
air flow up to a certain point beyond which poorer 
combustion was obtained. 



RESULTS AND DISCUSSION 

Sprays from plain round-orifice nozzles. — Figure 3 
shows the spray penetration at 0.001 second after the 
start of injection plotted against orifice length-diam- 
eter ratio when a plain stem was used in the injection 
valve. With all the orifices there was a general ten- 
dency for the penetration to decrease, to reach a mini- 
mum, and then to increase as the length-diameter ratio 
was increased by small increments between the values 
of 0.5 and 4. The ratio at which a minimum was 
reached varied between 1 and 3, depending on the 
orifice diameter and the test conditions. The pene- 
tration with the 0.008 and 0.020 inch diameter orifices, 
which were tested at larger ratios, reached a maximum 
between the ratios of 5 and 6, and decreased again 
gradually as the ratio was increased further. The 
trend of the curves obtained with the 0.040-inch orifice 
indicates that a maximum penetration would have 
been reached at a ratio a little greater than 4, if that 
orifice had been tested at larger ratios. This indica- 
tion leads to the conclusion that a maximum penetra- 
tion would have been reached also with the 0.014 and 
0.030 inch orifices between the length-diameter ratios 
of 4 and 6, if these orifices had been tested at larger 
ratios. Although the shape of the curves is the same 
in all cases, there is a general shifting of the ratio at 
which a maximum or a minimum was attained toward 
the origin as the orifice size was increased. There is 
an increase in penetration as the orifice diameter is 
increased to 0.030 inch and then a slight decrease with 
the 0.040 inch. This variation, however, is small with 
orifices greater than 0.014 inch in diameter. This 
finding is in agreement with the results obtained by 
Rothrock (reference 17), which show the pressure be- 
hind the nozzle to be affected slightly for the range of 
orifices between 0.008 and 0.030 inch, but to be re- 
duced considerably for the 0.040-inch orifice. 

In Figure 4 the penetrations 0.002 and 0.004 second 
after the start of injection with the 0.008-inch orifice 
are given. The general shape of the curves and the 
ratios at which a minimum, or a maximum penetration 
was obtained are the same as for the corresponding 
orifice in Figure 3. 

Figures 5 and 6 show the penetration at 0.001 and 
0.002 second after the start of injection with the 
0.014-inch-diameter orifice and different air densities. 
As was found in previous experimental investigations 
at this laboratory and as the equations (7) and (8) of 
the analysis indicate, the penetration decreases with 
the increase of density in the spray chamber. The 
variation in penetration with changes in the length- 
diameter ratio of the orifice becomes smaller with an 
increase of density. Owing to the limitations of the 
recording apparatus, the penetration at times greater 
than 0.001 second after the start of injection could not 
be recorded with orifices larger than 0.014 inch. For 
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Figure 4.— Spray-tip penetration at varying length -diameter ratio of the 0.00S- 
ineh discharge orifice at 0.003 and 0.004 second. Plain stem. Chamber air 
density- 0.994 pounds per coblo foot 
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Length-diameter ratio 

Figure J.— Bpray-tlp penetration at varying length-diameter ratio of the 0.014- 
Inch discharge orifice and different chamber ah- densities. Penetration 0.001 
second after start of Injection. Plain stem 



the same reason the penetration for the 0.014-inch 
orifice could not be recorded at the two lower air 
densities. 

In Figure 7 the results obtained with 0.040-inch- 
diameter orifice at various chamber air densities are 
given. A comparison of these curves of the 0.040-inch 
orifice with the corresponding curves of different 
densities of the 0.014-inch orifice (fig. 5) shows that 
the penetration with the smaller orifice is affected 
more by the air density than that with the larger 
orifice. The effect of change of density in equations 
(7) and (8) is greater on the penetration of the smaller 
drop than on the penetration of the larger drop. The 
test results of Sass and others have shown that the 
magnitude of the spray drops decreases with the de- 
crease of orifice diameter. The spray from the larger 
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Length-diameter ratio 

Fioube 6.— Spray-tip penetration at varying length-diameter ratio of the 0.014- 
inch discharge orifice and different chamber air densities. Penetration 0.002 
second after start of injection. Plain stem 

orifice is therefore affected the least, because the value 
of the exponent of the retarding factor e in equation 
(8) is less than it is for the spray from the smaller 
orifice, which is composed, on the average, of smaller- 
sized drops. 

In Figure 8 the coefficients of discharge (reference 
18) of the nozzle with the 0.008-inch orifice at various 
injection pressures are given. The shape of the 
coefficient of discharge curves approaches that of the 
penetration curves for ratios greater than 4. As the 
ratio was increased beyond 5, the friction losses in- 
creased, and both the coefficient and the penetration 
began to decrease gradually. 

In an investigation on the effect of length-diameter 
ratio on the coefficient of discharge Bird (reference 19) 
obtained somewhat irregular results with a 0.013-inch- 
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diameter orifice. Owing to the high, -viscosity oil used, 
the flow through t.Tn'g orifice was in the semi turbulent 
range. In his curve of coefficient of discharge plotted 
against length-diameter ratio there was a depression 
at the ratio of about 2 followed by a rise which reached 
a maximum at a ratio slightly greater than 3, and 
then a gradual drop and a slight depression in the 
curve at a ratio of 7.5. These irregularities and the 
low coefficients that he obtained can probably be 
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Length-diameter ratio 

Florae 7.— Spray-tip penetration at varying length-diameter ratio of the 0.040- 
inch discharge orifice and different chamber air densities. Penetration 0.001 
second after start of injection. Flainstem 

attributed to the geometrical shape of the nozzle, 
which resulted in a different condition of flow within 
the nozzle than with the tests reported herein. The 
difference in the flow conditions may be seen by com- 
paring curves given in Figure 9 of coefficient of dis- 
charge ag ains t Reynolds Number. These curves show 
that at the lower range of Reynolds Number, during 
which the transition from laminar to turbulent flow 
takes place, there was a rapid increase and then a 
rapid decrease in the coefficient obtained by Bird as 



the Reynolds Number was increased. In the results 
obtained at this laboratory the transition is more 
gradual. Bird found that the resistance to the flow 
through the orifice in the transitional region varied 
with the velocity to powers between 2 and 3. 
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Floras 8.— Coefficient of discharge at varying length-diameter ratio of the 0.003- 
inch discharge orifice. Atmospherlo chamber air density. Plain stem 

The explanation of irregularities in the penetration 
and coefficient of discharge curves is found in an 
analysis of the flow through the injection nozzle. As 
pointed out in the analysis of the factors affecting 
spray characteristics, in passing from the larger sec- 
tional area to the. usually much smaller area of the 




4000 6000 8000 10000 12000 
Reynolds Number 

Florae 9. — Coefficient of discharge at varying Heynolds Number 

orifice the jet is given a spiral motion and a tendency 
to contract; i. e., the coefficient of contraction de- 
creases and that of velocity increases. The amount 
of contraction depends chiefly on the shape of the 
entering edge of the orifice, but is also affected by the 
pressure head and by the physical properties of the 
fuel oil. Following this contraction the jet reex- 
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pands and fills the orifice throat again. If the throat 
is sufficiently long, the expanded jet is redirected 
parallel to the axis of the orifice. The result is to 
decrease the velocity component of the jet perpen- 
dicular to the axis of the throat. If the length of the 
orifice is not sufficient to permit a complete reexpan- 
sion of the jet within the orifice throat, a spray is 
obtained with the fuel particles having a perpendicular 
motion as well as axial, which condition results in a" 
smaller penetration. 

The presence of a maximum penetration at length- 
diameter ratios greater than 3 is explained by the 
fact that at the larger length-diameter ratios the fric- 
tion losses become appreciable. (Reference 18.) In- 
creasing the orifice length beyond that at which the 
jet is fully reexpanded increases also the friction losses. 
Hence a ratio must be reached beyond which the 
friction loss within the orifice more than counter- 
balances the increase in penetration obtained by in- 
creasing the orifice length, and the result is a reduc- 
tion in penetration. 

From the test results presented and from the fore- 
going discussion it is seen that with round-orifice 
nozzles the length-diameter ratio of the orifice must 
be between 4 and 7 if a high spray penetration and a 
high coefficient of discharge are desired. The ratio 
to be used for the nozzle shapes of these tests is be- 
tween 4 and 5 for orifices ranging from 0.030 to 0.040 
inch in diameter and between 5 and 6 for orifice sizes 
less than 0.030 inch in diameter. 

An analysis of the experimental results for the 
variation of the spray-tip deceleration with velocity, 
a=KV n , gave the values of n shown in Table I. The 
motion of the spray tip was investigated for each 
spray only at the ratios of maximum and minimum 
penetration. As seen from the table, the decelera- 
tion of the spray tip, and thus the resistance of the 
motion as shown in the analysis, varies as some power 
between the first and second of the velocity. 

TABLE I.— VARIATION OF SPRAT-TIP DECELERA- 
TION WITH VELOCITY 



Spray No. 
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Centrifugal sprays. — In Figures 10 and 11 is given 
the spray-tip penetration with the orifices tested 
0.002 and 0.004 second after the start of injection 
when a helically grooved stem was used in the injection 
valve. With the exception of the 0.030-inch-diameter 
orifice, the penetration increased as the length-diameter 
ratio of the orifice was increased from 0.5 to 4. The 
149900—33 7 



penetration with the 0.008 and 0.020 inch orifices, which 
were tested for higher ratios, reached a maximum at 
a ratio of about 7 and 5, respectively. The decrease 
in penetration after the m aximum is much slower 
than when the plain stem was used in the injection 
valve. This decrease is obviously due to the smaller 
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Fiqube 10.— Spray-tip penetration at varying length-diameter ratio and differ- 
ent siies of discharge orifice. Penetration at 0.002 second attar start ol injection. 
Helically grooved stem. Chamber air density = 0.994 pound per cubio foot 

velocity of flow and the smaller consequent losses of 
energy within the orifice throat. No explanation can 
be given for the sinusoidal appearance of the penetra- 
tion curves with the 0.030-inch-diameter orifice. 
This phenomenon is not evident with any other orifice. 
Tests by Joachim and Beardsley (reference 13) for 



88 



REPORT NATIONAL ADVISORY 



COMMITTEE FOB AERONAUTICS 



length-diameter ratios between 0.2 and 2.6 with a 
0.022-inch-round orifice and with. 40° helix angle of the 
grooves gave substantially the same shape of curve as 
that obtained with the 0.030-inch orifice of this in- 
vestigation. Apparently there must be a ratio of 
orifice area to groove area for any given helix angle of 
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Fioube U.— Spray-tip penetration at varying length-diameter ratio and differ- 
ent Bires of discharge orifice. Penetration 0.0M second after start of injection. 
Helically grooved stem. Chamber air density- 0.994 pound per cnbio foot 

the grooves at which the flow conditions in the nozzle, 
at least for the lower length-diameter ratios, are differ- 
ent than for any other combination of areas. 

A comparison of the curves obtained when a plain 
stem was used in the injection valve (figs. 3, 4, 5, 6, 
and 7) with the curves when a helically grooved stem 
was used (figs. 10 and 11) shows that the penetration 



with the centrifugal sprays was considerably smaller. 
This smaller penetration is largely due to the nonaxial 
motion given to the spray particles and to the loss of 
energy caused by the fuel passing through the restricted 
helical grooves and the subsequent reconverging in 
entering the orifice. In passing through the grooves 
the fuel was given a velocity component tangential, 
as well as axial, to the cross section of the injection- 
valve stem. Following this action the fuel was forced 
to converge and pass through the orifice, where the 
axial component was increased and the tangential com- 
ponent partially damped out. The amount of this 
damping depended upon the ratio of orifice length to 
diameter and upon the ratio of orifice area to groove 
area. As the orifice length was increased with respect 
to diameter the tangential-velocity component of the 
particles was further decreased, which resulted in an 
increase in the penetration. As the ratio of orifice'area 
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Fiotoe 12.— Comparison of coefficients of discharge with a plain and with o 
helically grooved stem. Atmospberio chamber air density 

to groove area was increased the tangential-velocity 
component of the fuel particles was increased, because 
the velocity through the helical grooves was increased. 
This increase in tangential velocity caused the sprays 
from the larger orifices to have less penetration [than 
the sprays from the smaller orifices. 

An indication of the extent of the energy losses in 
the injection valve when a helically grooved stem is 
used can be obtained by comparing the coefficient-of- 
discharge curves given in Figure 12. These curves 
were taken from reference 18 and give the coefficients 
of discharge for the nozzles of the present tests. The 
area of the orifice cross section was used in computing 
the coefficient. The larger losses occur with the 
larger orifice because the velocity through the grooves 
and consequently the friction and the tangential com- 
ponent of the fuel particles are larger. Large irregu- 
larities were observed in the values of the coefficient 
for the 0.008-inch orifice with the helically grooved 
stem at the lower length-diameter ratios of the orifice. 
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No such irregularities in the coefficient of discharge 
were observed with any of the other orifices tested, 
varying in size from 0.014 to 0.040 inch in diameter. 
(Eeference 18.) The effect of the reduced coefficient 
of discharge when a helically grooved stem was used 
can be seen in the penetration curves obtained with 
the same valve setting and injection pressures. The 
penetration, as well as tbe coefficient of discharge, is 
considerably reduced as tbe tangential velocity com- 
ponent given to the fuel particles is increased by the 
use of a helically grooved stem. 

Spray cone angle. — In Figure 13 are given the 
spray cone angles 0.003 second after the start of injec- 
tion, when the spray was fully developed. With the 
plain stem the spray cone angle varied from 15° to 25°, 
depending on the orifice size and the length-diameter 
ratio. For any one orifice and length-diameter ratio 
of the orifice the angle was about the same, regardless 
of the injection pressure and chamber density at which 
the orifices were tested. A comparison of Figures 3, 
4, 6, 6, and 7 with Figure 13 shows the penetration 
with the plain stem to decrease and the spray angle 
to increase at the lower length-diameter ratios of the 
orifice, at which an unstable jet contraction region 
exists. The angle increased and then again decreased 
as the ratio was increased from 0.5 to 4. For ratios 
greater than 4 the angle remained practically constant 
with the 0.008 and 0.020 inch orifices, which were 
tested at these higher ratios. 

With the helically grooved stem the spray cone 
angle varied from 20° to 70°, depending on the orifice 
size and the length-diameter ratio tested. The angle 
increased with the increase of orifice size. This 
increase was due to tbe larger tangential velocity given 
to the spray, combined with the smaller amount of 
reconverging of the jet with the larger-sized orifices. 
A radical variation in the spray cone angle can be 
observed with the 0.030-inch orifice. A comparison 
of the spray-cone-angle curve with the corresponding 
penetration curves of Figures 10 and 11 for the same 
orifice shows that an increase in the penetration 
resulted in a decrease in spray cone angle, and a 
decrease in penetration had the opposite effect. The 
same tendency is also observable with tbe other orifices 
tested, but it is not so pronounced as that with the 
0.030-inch-diameter orifice. 

CONCLUSIONS 

The conclusions drawn from the experimental data 
are as follows: 

1. With the plain stem in the injection valve, for 
the shape and range of orifice sizes tested: 

(a) The length-diameter ratio giving the greatest 
spray-tip penetration and coefficient of dis- 
charge was found to be between 4 and 6, 
depending on the orifice diameter. 
(6) For ratios less than 4 the penetration de- 
creased and then increased as the ratio of 
0.5 was approached. 



(c) For ratios greater than 6 the friction losses 
due to the excessive orifice length become 
appreciable and penetration and coefficient 
of discharge decrease. 

(«0 The spray cone angle was not affected by an 
increase of the length-diameter ratio for 
ratios greater than 4, but varied with ratios 
of less than 4. 
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Figure 13.— Spray angle at varying length-diameter ratio and different slrea'of 
discharge orifice. Injection pressure- 2,000, 4,000, 6,000, and 8,000 pounds^per 
sqaarelnch 

2. With the hetaally-grooved stem in the injection 
valve: 

(a) With the exception of the results of the 0.030- 

inch orifice, maximum penetration was 
reached at an orifice length-diameter ratio 
of between 5 and 7. A further increase 
in the ratio after the maximum resulted in 
a gradual decrease in penetration. The 
rate of change of penetration, however, 
was less with this stem than with 'the 
plain. 

(b) With the exception of the 0.030-inch diameter 

orifice, the spray cone angle increased witb 
the orifice-area to groove-area ratio. A 
maximum angle of about 70° was obtained 
with the 0.040-inch orifice, and a minimum 
of about 20° with the 0.008-inch orifice. 



Langlby Memorial Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 
Langlby Field, Va., May 27, 1981. 



90 



EEPOBT NATIONAL ADVISORY 



COMMITTEE FOR AERONAUTICS 



EEFKBENCES 

1. Gelalles, A. G.: Effect of Orifice Length-Diameter Ratio 

on Spray Characteristics. N. A. C. A. Technical Note 
No. 852, 1930. 

2. Gelalles, A. G.: Coefficients of Discharge of Fuel Injection 

Nozzles for Compression-Ignition Engines. N. A. C. A. 
Technical Report No. 373, 1931. 

3. Beardsley, E. G.: The N. A. C. A. Photographio Apparatus 

for Studying Fuel Sprays from OA-Engine Injection 
Valves and Test Results from Several Researches. 
N. A. C. A. Technical Report No. 274, 1927. 

4. De Juhasz, K. J.: Some Results of OA-Spray Research. 

A. S. M. E. Transactions, Oil and Gas Power, Paper 
51-9, September-December, 1929. 

5. Sass, F.: Compressorlose Dieselmaschinen, 1929. 392 

pages, tables and figures; (Berlin) Verlag von Julius 
Springer, pp. 207-235. 

6. Rothrock, A. M.: Hydraulics of Fuel-Injection Pumps for 

Compression-Ignition Engines. N. A. C. A. Technical 
Report No. 396, 1931. 

7. Kuehn, R: Atomization of Liquid Fuels. Der Motor- 

wagen, July 10 and 20, October 10 and 20, and November 
30, 1924. Translated and published as N. A. C. A. 
Technical Memoranda Nos. 329 and 330, 1925. 

8. Triebnigg, Heinrioh: Der Einblase- und Einspritzvorgang 

bei Dieselmaschinen. Der Einflusz der Oberflfichenipan- 
nung auf die Zerst&ubung. Verlag von Julius Springer 
(Vienna), 1925. 

9. Gibson, A. H.: The Mechanical Properties of Fluids. 

A collective work, Applied Physics Series, 1923, XIV, 
362 pages (Glasgow) Blackie and Sons (Ltd.), pp. 
183-209. 



10. Miller, H. E., and Beardsley, E. G.: Spray Penetration 

with a Single Fuel-Injection Nozzle. N. A. C. A. Tech- 
nical Report No. 222, 1926. 

11. Bird, A. L.: The Ignition of Ofl Jets, Abridged. Pro- 

ceedings of the Institute of Mechanical Engineers 
(British), 1926, Vol. II, p. 955. 

12. Riehm, W.: TJntersuohungen Uber Den Einspritzvorgang 

Bei Dieselmaschinen. Zeitschrift Des Vereines Deutsoher 
Ingenieure, June, 1924, p. 641. 

13. Joachim, W. F., and Beardsley, E.G.: Faotors in the Design 

of Centrifugal-Type Injection Valves for Oil Engines. 
N. A. C. A. Technical Report No. 268, 1927. 

14. Spanogle, J. A., and Foster, H. H.: Performance of a High- 

Speed Compression-Ignition Engine Using Multiple-Ori- 
fice Fuel-Injection Nozzles. N. A. C. A. Technical Note 
No. 344, 1930. 

15. Ricardo, H. R.: Compression-Ignition Aero Engines. Air- 

craft Engineering, Vol. I, No. 3, May, 1929. 

16. Hesselman, EL J. E.: Hesselman Heavy-OA High Com- 

pression Engine. Z. V. D. I., July, 1923. Translated 
and published as N. A. C. A. Technical Memorandum 
No. 312, 1925. 

17. Rothrock, A. M. : Pressure Fluctuations in a Common-Rail 

Fuel-Injection System. N. A. C. A. Technical Report 
No. 363, 1930. 

18. Gelalles, A. G., and Marsh, E. T.: Effeot of Orifice Length- 

Diameter Ratio on the Coefficient of Discharge of Fuel- 
Injection Nozzles. N. A. C. A. Technical Note No. 369, 
1931. 

19. Bird, A L : Some Characteristics of Nozzles and Sprays for 

OA Engines. British Marine OA Engine Association. 
Paper No. 92, "World Power Conference, June, 1030, 
Berlin. 



